Abstract-In urban areas, congested traffic results in a large number of accidents at low speeds. This paper describes an accurate and fast driver-assistance system (DAS) that detects obstacles and warns the driver in advance of possible collisions in such a congested traffic environment. A laboratory prototype of the system is built and tested by simulating different weather conditions in the laboratory. The proposed DAS is also suitable as a parking-assistance system. Ultrasonic sensors are used to detect obstacles in this paper because they have several advantages over other types of sensors in short-range object detection. Multiple sensors are needed to get a full-field view because of the limited lateral detectable range of ultrasonic sensors. Furthermore, crosstalk is a common problem when multiple ultrasonic sensors are used. A simple microcontroller-based method to reduce crosstalk between sensors is described, which is achieved by firing each transducer by a pseudorandom number of pulses so that the echo of each transducer can uniquely be identified. Existing DASs need more time to reliably detect the objects, making them unsuitable for DASs, where time is a critical factor. A method to reduce the obstacle detection time of the system is also proposed. The cost of this high-performance system is expected to be very reasonable. All the practical implementation details are included. Extensive experimentation has been carried out, and the results confirm the speed and reliability of the presented system.
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I. INTRODUCTION
T HE SHORT-RANGE driver-assistance systems (DASs) have become highly relevant and important in today's congested urban traffic environment. The term DAS would typically mean an autobrake system, a collision-warning system, a parking-assistance system, a cruise control system, and so on. This paper is only concerned with a parking-assistance system or a collision warning system, and hence, "DAS" is used to represent only these two.
The effectiveness of DASs has been investigated by several researchers. In typical tests, the drivers were warned 3-4 s before collision by using dummy obstacles [1] , and it was observed that, in most cases, the drivers responded well to the warnings and were able to control the vehicle and avoid the collision. A majority of collisions occur between vehicles trying to pass each other. Thus, it is a primary requirement that DASs must have forward-looking sensors. There are blind spots on both the front sides of the vehicle, particularly when driving in urban areas [2] . These blind spots can cause serious accidents. Thus, DASs must also have sidelooking sensors.
Typical sensors used in DASs are laser sensors, millimeterwave radar, charge-coupled device (CCD) cameras, ultrasonic sensors, etc. Out of these, laser sensors (e.g., IBEO laser sensors) and millimeter-wave radar are preferred for adaptive cruise control, and they are expensive compared with other sensors. CCD cameras are significantly affected by bad weather conditions (e.g., snow, rain, dirt, and dust). Ultrasonic sensors are less affected by adverse weather conditions and are more economical compared with all other sensors. By taking all these factors into consideration, ultrasonic sensors emerge as one of the strong candidates for use in a DAS.
Although ultrasonic sensors have reasonable lateral resolution, multiple sensors are needed to get a full-field view. The problem observed in using multiple sensors is that the sensors randomly influence each other, particularly when a rapid firing strategy is adopted. The general solution to this problem is to associate a unique identification (signature) with each transmitted signal, so that each sensor detects its own echo and discards the echoes due to other sensors.
Until now, the ultrasonic sensor-based systems in transportation have been used either as stationary systems [3] or dynamic systems without crosstalk avoidance [2] , [4] , [5] . Kim et al. [3] have reported work based on the installation of sensors on a roadside pole to detect vehicles on the road. Carullo et al. [4] , [5] have also reported ultrasonic sensor-based system with one sensor. On the other hand, Song et al. [2] have used multiple sensors, but they have not considered crosstalk.
Several methods have been reported [6] - [8] in the literature to avoid crosstalk in the field of robotics. For example, Nakahira et al. [6] have discussed the generation of binarycoded frequency-shift-keyed signals using an application software (running on a LINUX operating system) for minimum cross correlation between the transmitted signals of different sensors. However, due to complex calculations for code generation and correlation calculations, the system response time is large. Furthermore, the usable transmitting/receiving frequency range of piezoelectric ultrasonic transducers has not been taken into account, which is not suitable for most of the commercial ultrasonic transducers. In another work [7] , all the sensors are simultaneously fired, and the system waits for a duration corresponding to the maximum detectable range of sensors. If the object is detected by more than one receiver, then it is considered reliable and otherwise ignored (triangulation method).
After the lapse of the maximum duration, all the sensors are again simultaneously fired, resulting in a large detection time. In another related work [8] , a fixed time slot is allocated for each sensor to fire with some added delay in each slot, and the errors are avoided by comparing two successive echoes received by the same receiver. All of these methods involve complex digital signal processing techniques; in addition, firing sensors one after another in a particular sequence increases the detection time of the system.
A survey of the existing commercial DASs [9], [10], which fall in the category of collision warning or parking assistance systems, was carried out and is presented in Table I .
The principles used in the existing systems include the CCD-, infrared-, ultrasonic-, radar-, and laser-based indicators. Some systems are better in certain aspects like the CCD camera, which gives binocular vision, but the computation overhead and cost is too high, and the time for decision making increases during time-critical situations. It is also affected by weather conditions such as snow, rain, etc. The infrared-based systems have a shorter range and are sensitive to ambient temperature variations. The laser-based systems have a longer range. However, they may not be effective for collision warning applications, in addition to being expensive. Radar-based systems have a long range but are expensive. Ultrasonic-based systems have a moderate range and are least dependent on variations in the environment.
This paper proposes a short-range collision-warning and parking-assistance system that is suitable to be mounted on a vehicle. The system uses ultrasonic sensors and is particularly relevant to today's congested traffic environment, where the vehicle speeds are relatively low. As the work has been carried out from a research point of view to achieve lower cost, high reliability, high precision, and better capability to work under adverse conditions, a prototype of the proposed system has been developed and tested by simulating hostile environmental conditions in the laboratory itself. The research specifications of the proposed system are summarized in Table II. The proposed system employs multiple transducers and provides an economical and simple solution to reduce crosstalk among the sensors with a lower detection time. The solution includes driving each sensor by a pseudorandom number of sinusoidal pulses to reduce crosstalk and firing sensors immediately after detecting an obstacle to reduce the detection time, rather than firing sensors one after another, in a particular sequence. The proposed scheme requires an array of sensors to be mounted on the front and rear bumpers of the automobile. The warning device may be placed in front of the driver's seat (on the dashboard), whereas the associated circuitry can be placed near the indicator panel, as shown in Fig. 1 . The warning device includes both audio/visual alarms to alert the driver and to indicate the position of the obstacle.
The rest of this paper is organized as follows: A brief background of the underlying principles is presented in Section II. Section III discusses the working of the proposed system, followed by the design methodology. The firing scheme of the sensors and an algorithm to reduce the detection time and crosstalk is presented in Section IV. Hardware implementation details and results are discussed in Section V. The performance of the proposed system under different weather conditions has been studied and reported in Section VI. Section VII summarizes the major conclusions and contributions of this paper.
II. BRIEF BACKGROUND OF THE THEORETICAL ASPECTS
The proposed system uses ultrasonic sensors. Therefore, it is both relevant and useful to briefly review the fundamental concepts related to ultrasonics, which have a direct bearing on the design and performance of the proposed system. Accordingly, this section discusses ultrasonic waves and their propagation characteristics, types of ultrasonic transducers, and techniques for distance measurements.
A. Ultrasonic Waves
The ultrasonic waves [19] come under the category of sound waves with frequencies greater than 20 kHz. Because the human ear's audible perception range is 20 Hz to 20 kHz, it is insensitive to ultrasonic waves; hence, the ultrasound waves can be used for applications in industries/vehicles without hindering human activity. Ultrasonic transducers [19] are used to convert electrical energy into ultrasound waves and vice versa. The property that the waves are reflected back when there is a change in the nature of medium of propagation can be used for detecting obstacles. The time duration between the transmitted pulse and the received echo gives the distance of the object from the sensor. The important properties of ultrasound waves are given in the list that follows. 1) They need a medium for propagation.
2) Their velocity varies with the nature of medium.
3) They can be reflected. 4) A unique property of ultrasonic waves is that, as their frequency f is very high, they can be used to sense small objects. For example, consider detection of an object in water. The wavelength λ, velocity v, and frequency of sound waves are related as v = f × λ. The velocity of sound waves in water is 1500 m/s. The minimum frequency of ultrasonic waves is f = 20 kHz ∴ λ = 0.075 m = 7.5 cm.
If a frequency greater than 20 kHz is used, λ will still be smaller, enabling the detection of smaller objects. The conceptual block diagram of the proposed system, as shown in Fig. 2 , depicts the transmission of ultrasound waves under the control of a microcontroller (μC). The reflected waves (echo) are sensed by a receiving transducer and analyzed by the μC. The μC then issues a warning signal to the driver.
B. Ultrasonic Transducers
For distance-measurement applications, piezoelectric and electrostatic transducers are our main interest. Electrostatic transducers use a thin metal sheet or a single-sided metallized plastic foil as a diaphragm to convert electrical energy into acoustic energy and vice versa. The plates are formed by a movable metallized diaphragm and a stationary back electrode. An external bias voltage is needed for this type of transducers. The advantage of electrostatic ultrasonic transducers is their high transfer coefficients both in the transmitter and the receiver mode, in combination with a wide bandwidth. The disadvantages are the need for an external bias voltage, sensitivity to dust and humidity, and low mechanical ruggedness. Because of these reasons, the use of ultrasonic sensors, based on the electrostatic principle, is limited to outdoor applications.
Piezoceramic ultrasonic transducers make use of the piezoelectric length or thickness extensions of the ceramic. The standard piezoceramic material is lead zirconium titanate (PZT). In ultrasonic distance measurement systems for outdoor purposes, piezoceramic transducers dominate, because of their compact size, rugged mechanical design, high efficiency, and wide range of operating temperatures. Sharp ultrasonic pulses can be radiated, and high resolution is thus obtained by using these transducers. As the transducers are key elements in sensors, the performance of ultrasonic sensors strongly depends on the properties of the ultrasonic transducers used. The selection of the ultrasonic frequency is mainly determined by the measurement problem. With increasing frequency (and thus smaller wavelength), better resolution is achievable. On the other hand, the maximum detection range is reduced because of the increasing attenuation of ultrasound in air. The use of higher frequencies will be limited to special tasks such as short-range distance measurement or acoustic microscopy. In many cases, the maximum spectral density of acoustic noise is observed in a frequency range up to 40 kHz. Thus, the ultrasonic sensors with a center frequency greater than 40 kHz have to be used in outdoor applications. The large maximum detection range is achievable by high transducer efficiency in combination with high transmission power. To transmit large-amplitude ultrasonic pulses, the transducer is excited by a large-amplitude burst signal.
C. Distance Measurement Techniques Using Ultrasonic Transducers
Different techniques can be used to measure the distance by using ultrasonic sensors. Among them, continuous-wave and pulse-echo techniques are widely known. In continuous-wave methods, the transmitter generates a continuous output, whose echo is detected by a separate receiver. In this case, accuracy depends on the measurement of the phase shift between the transmitted and the reflected wave. Although better performances than with pulse-echo measurements can be obtained, complex hardware is required to measure the phase, and in most cases, different frequencies need to be used to determine the number of integer wavelengths in the phase shift.
Pulse-echo techniques are widely used in commercial systems due to less complexity of hardware. In pulse-echo techniques, a short train of pulses is generated, enabling the same transducer to be used both as a transmitter and as a receiver [20] . In the measurement methods, based on pulse-echo techniques, the distance information is retrieved from a time-offlight measurement, i.e., the time an ultrasonic wave needs to travel from the transmitter to the receiver after being reflected by an object. Considering the aforementioned advantages, the pulse-echo technique is used in this paper to calculate the distance of the obstacle from the vehicle. The distance between the transmitter and the object is determined using the following equation:
where D is distance the between the transducer and the obstacle, c is the ultrasonic wave velocity in air, and t is the interval between pulse emission and echo detection. The accuracy of the measurement depends on the estimation of the time of flight t and the knowledge of the acoustic velocity c. The velocity of sound in air depends on the temperature and, to a much lesser extent, on the air humidity. The velocity V of sound in air depends on the temperature, according to the following approximated equation:
where T is the temperature (in degrees Celsius). Therefore, the temperature effect must be taken into account in the calculation of distance. Hence, a temperature sensor is mounted inside the measuring head of the ultrasonic sensor. Based on the temperature, the velocity of sound and distance are accurately calculated. In this paper, it is assumed that it is possible to mount the temperature sensor in a manner that it does not directly come in contact with the vehicle's body and that it is possible to measure the ambient temperature with reasonable accuracy. Per (2), it is clear that the velocity of propagation is affected by the temperature of the medium. A temperature variation of ±20 • C is assumed, which corresponds to a distance variation of less than ±10 cm.
D. Propagation Characteristics of Ultrasonic Waves
The pressure amplitude of an ultrasonic pulse is attenuated in air due to wave spreading and absorption. There is further attenuation upon collision with obstacles. Since ultrasonic sound is a wave phenomenon, the amplitude V of the particle velocity v(x, t) of a plane wave propagating in the x direction can be defined as follows [19] :
where a is the absorption coefficient and is approximately proportional to the square of the frequency in the range of interest. For air, a is approximately equal to 1.6 × 10 −10 .
III. WORKING OF THE PROPOSED SYSTEM AND DESIGN METHODOLOGY
As briefly explained in earlier sections, the proposed system works with a set of ultrasonic sensors placed at predetermined suitable locations on a vehicle, which continuously acquire the "collision data" from the surroundings of the vehicle and pass it on to a μC. The μC processes these data to ascertain if there is a "collision danger" and accordingly warns the driver. The μC also determines the way the sensors work to acquire data under the control of a suitable algorithm as per the given scheme. A basic conceptual block diagram representing the proposed system is shown in Fig. 2 . This section focuses on the steps involved in designing (design methodology) the proposed system. The scheme/algorithm for the control of sensors' operation to reduce the detection time and crosstalk is discussed in the next section.
A. Design Methodology
The design of the proposed system involves the following steps:
1) choice and placement of ultrasonic sensors at appropriate locations on the vehicle; 2) choice and design of an efficient scheme and algorithm; 3) selection and coding of a suitable μC with which it is possible to achieve (2) and which can work in the given conditions; 4) designing (or providing) the power supply as per the requirements of the system. Each of the preceding steps is explained in detail in the following sections.
1) Choice and Placement of Ultrasonic Sensors:
As mentioned earlier, the spectral density of acoustic noise is higher for a frequency less than 40 kHz. Therefore, ultrasonic sensors with a center frequency greater than 40 kHz are required to be used. On the other hand, if sensors with higher center frequencies (close to 100 kHz or higher) are chosen, the distance measurement range drastically reduces. Hence, for practical range detection, there exists a tradeoff between the bandwidth and the maximum measurable distance, and appropriate ultrasonic sensors with the desired characteristics must be chosen.
In the proposed system, the sensor array consists of five piezoelectric ultrasonic transducers mounted on the front and rear bumpers of the vehicle, as shown in Fig. 1 , to get a fullfield view. The maximum detectable range of the transducer is 5 m. The natural frequency of the transducer is 45 kHz. These transducers have a 17
• × 35 • asymmetrical beam pattern. As five transducers are needed to cover the maximum field view, they are arranged with a 35
• angular difference on the housing, as shown in Fig. 3 .
In the array, out of five sensors, three sensors are directly facing the forward direction. The other two sensors are oriented toward the left and right sides of the vehicle, respectively. For large vehicles, sensors must also be fixed on the sides. Forwardlooking sensors are used to detect the relative position of the obstacle directly ahead of the vehicle. Side-looking sensors are used to detect the relative velocity of objects that approach the vehicle from both sides.
2) Choice and Design of an Efficient Scheme and Algorithm: An appropriate scheme is implemented, which governs the basic operation of the proposed DAS, including the following: 1) transmission of the ultrasonic signals from the sensors and reception of the "echoed-back" signals; 2) reduction of crosstalk among sensors, which is a major issue with the use of ultrasonic sensors; and 3) reduction of the detection time to achieve a fast response. The scheme is implemented by programming a μC to execute the code (algorithm) corresponding to the operating scheme. The details of the scheme and the algorithm are given in Section IV.
3) Selection and Coding of a Suitable μC: The ultrasonic sensors work under the supervision of a μC. The μC processes the sensors' inputs and outputs and operates the warning device. Its main functions are given in the list that follows.
1) It issues firing instructions to all transducers.
2) It calculates the distance(s) of the obstacle(s) from the vehicle.
3) It generates pseudorandom numbers to avoid crosstalk between transducers. 4) It issues audio and visual warnings whenever a threatening obstacle is found in the detectable range of the transducers.
The driver will be warned of any object directly in the vehicle's path by a feeble beep, which progressively gets louder as the object gets closer. If a fast moving vehicle is detected, approaching from the left or right, a continuous tone is heard. A visual alarm with a liquid crystal display (LCD) display will also indicate the obstacle proximity by displaying the position of the vehicle. The audible alarm alerts the driver, and he may look at the LCD display to obtain further information with regard to the obstacle position. The driver can then take the appropriate decision/action to avoid a collision, according to the position of the obstacle, without the need to turn around to locate the obstacle.
Range measurements are carried out by the μC by measuring the time of flight of the ultrasonic wave propagating in air using the threshold detection technique. The transducers are driven by a pseudorandom number of sinusoidal pulses. A temperature sensor is used for pseudorandom number generation, which is described in the next section. After transmitting the pulses, the transducer is disconnected from the driver circuit and is connected to the receiver circuit through high-voltage switches to detect the reflected echo, as shown in Fig. 4 . To avoid the possibility of confusing the ringing of the transducer with the reflected echo, the system must blank echoes for some time from the beginning of pulse transmission, as shown in later sections. The entire operation is carried out under the control of the μC.
To overcome the problem of detecting a rapidly diminishing signal, the receiver must amplify the signal with a variable gain as time passes after transmission has begun. This is achieved by including a time gain compensator (TGC), whose gain exponentially increases with time. If an echo is detected and the obstacle distance is not in the safe limit, the μC issues a warning signal through the warning system.
Considering the various functions to be performed by the μC in the proposed system, it is determined that it should at least have five feature: 1) two hardware timers (one for scheduling and the other for "time-of-flight" measurement), each with a resolution of 1 μs, which would mean that the distance measured will have a step size (resolution) of 5-6 mm, which is good enough for a DAS. Submillimeter resolution is not required for the distance measurement range on the order of 4-5 m; 2) a minimum speed of 1 million instructions per second, i.e., each instruction in the program should execute within 1 μS, so that scheduling of the timer interrupt service routines and main programs provides sufficient time to execute its instructions; 3) a program memory space of 2 kB-the conversion of the algorithm into the μC code requires a little less than 2 kB; 4) a 24-pin input/output for display, warning, and control; 5) a universal asynchronous receiver/transmitter for debugging and development and/or integration with other onboard navigational systems. Taking into account all the preceding requirements, the 8051 architecture-based ATMEL 89C52 has been chosen for this application.
4) Designing (or Providing) the Power Supply:
In the proposed system, the power supply is required in the following: 1) for generation of the sine wave from an dc-ac converter (inverter) for feeding the ultrasonic transducers; 2) for powering the μC; 3) as the bias voltage for the high-voltage analog switch module for triggering the transducers; 4) for echo detection and signal processing unit.
All the preceding requirements are discussed in Section V, which includes all the hardware details.
IV. SCHEME OF OPERATION AND THE ALGORITHM The previous section briefly described the scheme of firing the transducers and the role of the μC in supervising the overall operation of the proposed system, including the transducers. This section explains them in detail under two subheadings: 1) triggering scheme for sending the burst of pulses to reduce crosstalk; 2) algorithm to reduce the detection time.
The operation sequence described in these subheadings are appropriately scheduled and coded in the μC for it to execute.
A. Triggering Sequence for the Transducers to Reduce Crosstalk
Simultaneous operation of transducers causes interference between the transducers. If all the transducers transmit similar signals, it is almost impossible to discriminate between the echoes due to the transmitted signals from different transducers. The scheme proposed in this paper drives each transducer with a different number of sinusoidal pulses generated by a pseudorandom generator, which is explained with the help of Fig. 5 .
In this scheme, transducer-1 transmits a certain number (pseudorandom number generated by the μC in real time) of sinusoidal pulses. Transducer-2 transmits a different number (pseudorandom number generated by the μC in real time) of sinusoidal pulses. There is a chance that transducer-1 detects the echo reflected due to the transmitted signal from transducer-2, as shown in Fig. 5 . However, in the proposed scheme, the μC counts the number of pulses in the echo and can decipher that the intercepted echo corresponds to transducer-2 and not to transducer-1.
The pseudorandom numbers (which determine the number of pulses transmitted by a transmitter) are generated by a linear feedback shift register (LFSR) implemented in the μC. An LFSR is a series-connected group of D flip-flops, with XOR feedback, as shown in Fig. 6 . An XOR gate is used to supply the input bit. Codes generated by an LFSR are actually pseudorandom, because, after some time, the numbers repeat. A shift register of sufficient length is required, so that the pattern repeats after a significantly long time. The LFSR can be implemented in different ways to generate a pseudorandom number. The Fibonacci and Galois LFSRs are popular methods. The XORing of bits in the shift register, whose positions are prime numbers, gives an output to be fed back to the shift register. Further refreshing the shift register frequently with a number taken from a random number source such as real time clock or temperature data would result in numbers with pseudorandom occurrence. Considering the complexity of generation of random numbers using the LFSR, the distance calculation, and the available computing capacity of an 8-bit μC, the length of the shift register is chosen to be 5 bits for it to produce a number in a reasonable pseudorandom fashion.
By considering the case of a number of similar systems concurrently operating, locking (two systems producing the same sequence of pseudorandom numbers for an infinitely long time) may occur between the systems. To avoid this situation, the starting number of the sequence must be altered in between. The method used here to achieve this is given as follows: The μC loads the digitized output of the temperature sensor into the LFSR at the start of every sequence, as shown in Fig. 7 . Because of the change in temperature with time, the whole sequence of pseudorandom numbers gets altered. Whenever the transmission is required to be initiated according to the algorithm (presented in the next section), the μC is ready with a pseudorandom number. The number of cycles in the burst of sinusoidal pulses is given by the output of the LFSR. The μC transfers all the data and necessary control signals to high- voltage switches (HV209) to transmit a pseudorandom number of sinusoidal pulses for a particular transducer.
This section has described the scheme according to which the transmitters are made to transmit the "burst of pulses" to avoid crosstalk between various transducers.
B. Algorithm to Reduce the Detection Time
This section describes the scheme for reducing the detection time. As the time of warning before collision is very critical for a DAS, the detection time of the system must be as low as possible. The proposed algorithm, whose flowchart is shown in Fig. 8 , reduces the detection time compared with other methods [6] - [8] . If an obstacle is detected by a particular sensor, that sensor must immediately be fired to determine information such as relative velocity and to reliably detect the obstacle. As conventional techniques fire the sensors in a particular sequence, the system has to wait for firing a particular sensor until firing of all other sensors is over.
Initially, all the five sensors are fired one after another by a pseudorandom number of pulses. After firing all the transducers, the system waits for an echo or completion of the time duration corresponding to the maximum detectable range of the sensor, i.e., 28 ms. The calculation for this maximum time is shown in the following discussion.
According to (1) , t = (2 × D)/c. As the maximum distance detectable by the sensor is 5 m, t = (2 × 5)/350 = 28 ms (approximately).
The μC generates a firing command for that particular transducer after the completion of the maximum time or after the reception of an echo, whichever is earlier. If an echo is detected and matches the transmitted pulse of a particular sensor, the distance is calculated, and that particular sensor is immediately fired. If the sensor is a forward-looking sensor, the driver is immediately warned after detection.
The intensity of the (warning) beep increases as the obstacle gets closer to the vehicle. On the other hand, if the sensor is a side-looking sensor, the system waits for the second measurement, and the relative velocity is calculated from successive echoes. The driver is warned if this velocity exceeds the safe limit. If no echo is detected, then the transducer is fired after a time period corresponding to the maximum detectable range of the sensor. The algorithm is implemented in the ATMEL 89C52 μC.
For a system that works on programmed logic, the processing time is of key concern as the decision making is directly linked with the detection time. In this section, the method of reducing the detection time has been presented.
V. HARDWARE IMPLEMENTATION AND RESULTS
This section describes the hardware implementation of the proposed system in the laboratory with details of the electronic circuits used.
1) Excitation and Control of Transducers:
The sensors used in the developed prototype are Senscomp's 9000 series piezoelectric transducers [21] . These transducers are designed to meet the guidelines set forth in the Society of Automobile Engineers specification J1455. These piezoelectric transducers are specifically intended for operation in air at ultrasonic frequencies. Its rugged construction and unique asymmetrical beam pattern makes it an ideal choice to withstand the rigorous demands of the automotive exterior and other harsh environments.
These transducers require a 140-V peak-to-peak 45-kHz sinusoidal voltage to drive. As automobiles usually have a 12-V battery supply, it is desirable that the driving circuit be able to generate the required voltage from that battery itself. An inverter [23] based on power MOSFETs (IRF 840 driven by the optocoupler driver IC HPCL 3120) is designed and implemented to meet the aforementioned requirement, as shown in Fig. 9 . Firing signals are given to all the MOSFETs such that MOSFETs 1 and 4 conduct in the positive half-cycle, and MOSFETs 2 and 3 conduct in the negative half-cycle, resulting in a 24-V peak-to-peak square-wave voltage at a 45-kHz frequency. From this square wave, a 140-V peak-to-peak sinu- soidal voltage is obtained by using a parallel damped LC resonant filter having a very high gain at the resonant frequency of the filter, as shown in Fig. 9 . Z1 and Z2 are designed such that their resonant frequency is 45 kHz (natural frequency of the transducer).
This filter removes all other frequencies in the square wave and provides a 45-kHz sinusoidal waveform at the output. R d is the damping resistor, and the capacitor C d is used to reduce the power dissipation in the damping resistor. This circuit drives the transducers through high-voltage single-pole-double-throw (SPDT) switches. Two transducers are used, where one serves as the transmitter, and the other serves as the receiver. The transmitter is excited when the corresponding SPDT is closed. Similarly, the echo picked up by the receiver is passed on to the signal processing section by closing another SPDT under the command of the μC. A photograph of the hardware setup used in the laboratory is shown in Fig. 10 . The output waveform obtained from the circuit is shown in Fig. 11 . 2) High-Voltage SPDT Switches (HV209) [22] : Supertex's HV209 switches are used in this paper as high-voltage SPDT switches. One HV209 IC contains six SPDT switches and one 6-bit shift register to control these switches. First, the control data are serially transferred into the 6-bit shift register. The latch-enable signal is held low to transfer the control data to the individual switches of HV209. Subsequently, the switches operate according to these control data. The maximum frequency at which HV209 ICs can be operated is 5 MHz. This IC needs a dc supply voltage, which is 10 V higher than the maximum positive voltage of the analog input signal and 10 V lower than the minimum negative voltage of the analog input signal. The maximum dc supply voltage that can be applied to this IC is 200 V, and the maximum analog signal that it can switch and pass is 180 V peak-to-peak. A fly-back converter is implemented to obtain 200 V from the 12-V battery source. This IC also has the additional advantage of having integrated bleed resistors on the output switches to eliminate any charge built up on the piezoceramic transducers so that ringing is less after switching off transducers from the input signal. The ringing of the transducer after disconnecting from the inverter circuit is shown in Fig. 12. 3) Transmitter Operation: The transmitter is excited for a period (time duration) corresponding to the pseudorandom number times the wavelength of the ultrasonic wave. This number that is generated by the μC is the number of cycles of the sine wave (output of the inverter-amplifier-filter circuit) that is to be fed to the transmitter, and the number is unique for each transmitter. It is chosen from a series of random numbers generated by the LFSR using the ambient temperature as the "seed" value.
4) Receiver Operation: After firing, the receiver transducer automatically gets connected after a 300-μs time delay to the receiver circuit by a high-voltage switch. The transducer is connected to a preamplifier to increase the received echo signal amplitude. As the amplitude of the ultrasonic signal exponentially reduces in the medium according to (3) , the gain of the TGC exponentially varies with the time starting from transmission of pulses. The voltage-controlled amplifier (VCA) 810 is used to implement the TGC in this paper. The VCA810 is a dccoupled, wideband, continuously variable, voltage-controlled gain amplifier. It provides a differential input to single-ended output conversion with a high-impedance gain control input that is used to vary the gain over a −40-to +40-dB range that is linear in decibels per volt. Operating from ±5-V supplies, the gain control voltage for the VCA810 will adjust the gain from −40 dB at a 0-V input to +40 dB at −2-V input. Increasing the control voltage above ground will attenuate the signal path to > 80 dB. Thus, a ramp wave varying from −1 to −2 V is applied to the control input of the VCA 810 to get an exponentially varying gain from 0 to 40 dB. It is observed that the output from the TGC is less affected with distance. Fig. 13 shows the output of the TGC after filtering for obstacles at different distances. The μC gives reset and set pulses to the TGC control circuitry in synchronization with the transmission of the sensor. Reset makes the control voltage −1 V, and set makes the control voltage linearly varying from −1 to −2 V. The output of the TGC is connected to a bandpass filter.
The output of the bandpass filter is connected to a threshold detection circuit. The threshold detection circuit compares the output signal from the bandpass filter with some constant threshold value to discriminate the reflected echo from noise. This circuit includes an LM311 comparator, which gives a transistor-transistor logic-compatible digital output. The positive input of the comparator is connected to the bandpass filter output, and the negative input is connected to the variable dc voltage. Whenever the output of the bandpass filter exceeds the threshold level, the comparator generates a pulse, which is fed into the μC through a transistor inverter circuit for interrupt generation (the μC interrupt is configured as a "negativeedge" triggered interrupt). The output of the threshold detection circuit for obstacles at different distances is shown in Fig. 14 .
The receiver transducer is not immediately connected to the receiver circuit due to ringing of the transducer; otherwise, false detection may occur. For this reason, the receiver circuit is isolated from the transducer for a period of 300 μs, during which, the system is unable to detect the obstacle closer than 5.25 cm. Fig. 15 shows the reception just after ringing oscillations are over. The received echo after processing is converted to a series of pulses and is given as an interrupt to the μC.
Whenever an interrupt is generated in the μC, it counts the number of pulses. The μC then compares the number of pulses in the received waveform with the transmitted number of pulses, and if the two are equal, it proceeds with the calculation of the distance. After a sensor detects an object and the reflected echo is the same as the transmitted pulse, the system must immediately fire that particular sensor. The waveforms in Fig. 16 show firing of the sensor immediately after detection of the obstacles at different distances.
This section has provided the details of the actual development of a laboratory prototype of the proposed system, emphasizing the logic of operation and electronics.
VI. PERFORMANCE UNDER DIFFERENT WEATHER CONDITIONS
The performance of the system under various simulated weather conditions was studied by conducting several exper- iments. Details of this part of the work are given in this section.
The involved performance evaluation is given in the list that follows.
1) Is the number of transmitted pulses equal to the number of received pulses? 2) Is there a shift in the received signals before and after introducing a simulated environment? The details of the experiments are discussed in the following sections.
1) Rain: A setup to simulate rainy weather was built in the laboratory, as shown in Fig. 17 . The transducers were made to continuously transmit and receive the ultrasonic waves, and the observations were made on an oscilloscope, which displayed the transmitted and received waveforms in the time domain. A sieve above and a collecting tray below are placed in the space between the transducers and the obstacle. Water is poured into the sieve to evenly distribute the water, forming a dense screen of flowing water as in a heavy rain condition. A screenshot of the observation on the scope was acquired (see Fig. 18 ) and analyzed.
2) Hot Windy Weather: A setup to simulate hot windy weather conditions, typical of tropical regions, was built in the laboratory, as shown in Fig. 19 . The transducers are made to continuously transmit and receive the ultrasonic waves, and the observations were made on an oscilloscope, which displayed the transmitted and received waveforms in the time domain. An electric heater is placed between the transducers and the object, while a fan, placed adjacent to the heater, blows air on to the transducers, raising the temperature from 28
• C to 45 • C. A screenshot of the observation on the scope is acquired (see Fig. 20 ) and analyzed.
3) Vibratory Environment: In an actual system, the transducers are held on the bumpers and are susceptible to vibrations generated by the engine of the automobile; hence, testing the functionality against the vibration shocks is necessary. The experimental setup for this experiment is shown in Fig. 21 . The transducers are mounted on a platform, generating a vibration of 130 Hz. The transducers were made to continuously transmit and receive the ultrasonic waves. An oscilloscope displayed the transmitted and received waves in the time domain (see Fig. 22 ). No significant change in the reflected waveforms was observed.
4) Snowfall: A setup to simulate the snow weather conditions was also constructed in the laboratory, as shown in Fig. 23(a) and (b) . Since thermocol balls share the property of weightlessness and opaqueness with snow, they were used to simulate snow flurry. The transducers were made to continuously transmit and receive the ultrasonic waves while an oscilloscope displayed the transmitted and received waveforms in the time domain. The thermocol balls are allowed to fall in the space between the transducer and the object simulating a snow-filled medium. A screenshot of the signals in the oscilloscope is acquired (see Fig. 24 ) and analyzed. No significant change in the reflected signal was observed.
Note: A simple distance verification was performed for every test, corresponding to each simulated environmental 1) The time of flight between the transmitted and the received pulse = 12.6 ms.
2) The velocity of sound in air = 330 m/s.
3) The distance of the object from the transducer = (330 × 12.6)/(1000 × 2) = 2.079 m 4) The actual distance between the transducer and the object = 5 × 40 cm = 200 cm.
All the results of this section are tabulated in Table III .
VII. CONCLUSION
An exhaustive survey of the existing DASs has been carried out. An overview of the existing (representative) systems is summarized in Table I . As most of the systems use either ultrasonic, infrared, camera (monochrome/color), or combination of them for perceiving the environment, they all have their inherent advantages and disadvantages (e.g., detection range may be more but accuracy is less).
It is important for any DAS to be least dependent on the external environmental conditions. In addition to this, it is desirable that it can be integrated with the vehicle's control unit (interoperability).
Considering the aforementioned, the laboratory prototype of a low-cost DAS has been designed and tested under laboratory conditions. The system is suitable as a short-range collision warning system or a parking assistance system for application in a congested traffic environment, where vehicle speeds are relatively low. It is experimentally verified that it is not significantly affected by the external environmental conditions. The special feature of this system is that the driver need not turn around to determine the position of the obstacle. This information is readily obtained by looking at an LCD display after hearing the beep. The proposed short-range system would be more effective if the vehicle is capable of an automated response (i.e., without human intervention). The hardware components of the developed system allow easy implementation of this feature.
The conceptual contributions made are shown in the list that follows.
1) A method to reduce the possibility of false alarms is implemented by driving each sensor by a pseudorandom number of sinusoidal pulses. 2) An algorithm to reduce the obstacle detection time is proposed and implemented using an ATMEL 89C52 μC. The developed system is economical. Table IV shows the "bill of material" cost of the development of the system. The cost can substantially be reduced if the components (including sensors) are bought in bulk for mass production of the proposed DAS.
